Introduction
The integration of various chemical processes and complex operations onto a microchip is often referred to as micro total analysis systems (μ-TAS), or a lab-on-a-chip. 1, 2 It has extended its usefulness into various new fields and disciplines, such as biological research. 3 Many biological related studies and applications have been miniaturized on a chip, for example bioactuators, 4 bioreactors, 5 bioassay chips, 6 and cell-sorting chips. 7 As one of the most important unit operations in microfluidics, separation also plays a key role in a bioassay process, such as the separation of cells, 8 proteins, 9 DNA 10 and blood plasma. 11 However, a biological fluid system (or biofluid) is often more complicated than a common liquid-phase mixture because it usually contains water, electrolytes, carbohydrates, proteins, amino acids and even toxicants. When separating such kinds of biofluids, it is difficult for conventional separation modes, such as membrane filter, 12 capillary electrophoresis 13 and chromatography, 14 which are based on the different properties (size, charge and polarity) of the components. Since the components in a biofluid often have very close physical or chemical properties, the separation efficiency and selectivity are relatively low compared to the conventional modes mentioned above. Here, we originally established a new concept of separation mode based on intrinsic cellular separating function such as epitheliums in the stomach, intestine and kidney. These cells are capable of separating different molecules in a biofluid simply by the recognition of translocase 15 on the cell membrane, or different transport mechanisms, such as Na + -K + ATPase, 16 and simultaneously accomplish the separation in one step. Our group has developed several cell-based microdevices such as a cardiomyocyte pump, 17 a vascular recovery system 18 and a cell-preservation bank 19 on a glass microchip. Firstly, the cellular functions are intrinsic, so that no extra units, such as a packed column or electricity supply, are needed. Secondly, our group has utilized glass microchips because of their high optical transparency and flexibility for surface modification, while many materials such as silicon, polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA) cannot perform satisfactorily. By combining the advantages of cells and glass microchips, various cell-based devices 20, 21 have been achieved. Therefore, we have utilized the intrinsic cellular function to replace the conventional separation modes in microfluidics. A biological fluid system can be separated simply into nutrients and wastes with high efficiency and selectivity by cellular 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Various separation processes have been integrated in microfluidics, such as capillary electrophoresis and chromatography, on a microchip. However, it is extremely difficult to separate a complicated biological system by conventional methods. Here, we report on a feasible structure and the culture condition of human renal proximal tubule epithelial cells (RPTECs), with the aim to construct a bioartificial renal tubule on a chip. Glass microchips and a polycarbonate membrane were sealed with no leakage after a surface modification. Furthermore, matrigel was selected as an optimized extracellular matrix (ECM) for cell-proliferation on the membrane. After culturing for 5 days, RPTECs reached confluent in the chip-membrane structure, which was confirmed by nuclei staining. So far, we have constructed the basic structure and cell proliferation circumstance for the future demonstration of the RPTECs separating function. This separation microdevice has promising potential to be applied as both a unit of a circulation cell culture system and a research platform of cell biology. Original Papers separating functions, such as renal tubule cells. Thus, it is necessary to build up a bioartificial renal tubule on chip for the diagnosis-oriented separation (nutrients from wastes) in medical care and cell research. Moreover, it originates a novel separation mode that can be developed in various bio-microfluidic occasions using cellular functions. Further, there have been several reports about cell-based separation devices and a cell-analysis model using renal tubule cells. Humes and coworkers pioneered a polymeric hollow fiber cultured with porcine proximal tubule cells, and applied this renal assist device 22 (RAD) to Phase-II clinical therapy. 23 However, due to the long molecular-transport distance across the fiber wall (thickness over 80 μm), the renal tubule reabsorption rates are significantly low compared with the in vivo process. Baudoin et al. 24 and Jang et al. 25 created cell culture and analysis models of renal tubule cells, respectively. They mainly focused on the cell morphology under different cell conditions, but no cellular separation performances were described in detail. Besides, the pressure limit (leakage pressure) is usually about 10 kPa in the PDMS-membrane glue-bonded structure when water is infused. 26 In this case, it is favorable to promote the separation process, which needs a higher value of pressure than 10 kPa. Therefore, we introduced a chip-membrane structure with a significantly shorter transport distance (less than 10 μm), and is endurable to higher pressure (satisfy both cell culture and filtration) in order to demonstrate and study the molecular transport process of renal tubule cells cultured on a chip.
The objective of the present study was aimed to construct the basic structure for a cell-based separation microdevice, and to culture renal proximal tubule epithelial cells (RPTECs) on a chip to demonstrate the cellular separating function. Firstly, the culture condition of the extracellular matrix (ECM) coating for the cell proliferation, attachment and monolayer formation was determined. Secondly, the prevention of leakage was confirmed in the chip-membrane coupled structure by surface modification and mechanical sealing. Finally, the perfusion culture of RPTECs was carried out in this device, and then cell attachment and monolayer formation were realized.
Experimental

Concept of the study
The kidney plays a key role in maintaining homeostasis of the human body. When blood flows through the glomeruli of one nephron in the kidney, most blood cells and macromolecules will be ultra-filtrated, and then form a tubular fluid. After that, the tubular fluid flows to the next segment of nephron, the proximal renal tubule, which reabsorbs nearly 70% of the water/electrolytes and almost 100% of glucose/amino acids from the tubular fluid while simultaneously clearing about 50% of urea and almost 100% of creatinine. 27 Reabsorbed nutrients transport across the RPTEC layer to the extra-capillary vessel in which the extra-tubular fluid changes to reabsorbate. At the same time, wastes are left in the tubular fluid, and then flow to the next segment and change to dilute urine. Based on this concept, we construct a structure in which RPTECs are cultured on a polycarbonate membrane and microchannels, which serve as a renal tubule and extra-capillary vessel, respectively (Fig. 1a) .
Preparation of RPTECs
RPTECs (Lonza) were cultured in petri dishes (Corning) at 37 C, 5% CO2 in a renal epithelial basal medium (REBM) supplemented with SingleQuots growth factors (Lonza), and the medium was changed every other day. After the cells reached confluent they were rinsed by HEPES buffer (Lonza) and digested by trypsin (Lonza). Detached cells were added to a trypsin neutral solution (Lonza) and rinsed by the HEPES buffer again. Cell suspension was centrifuged for 5 min. Finally, the supernatant was aspirated and the cells were resuspended in the culture medium at the required seeding density.
Microchip fabrication and membrane selection
Coil-shaped microchannels (width, 200 μm; depth, 40 μm; length, 355 mm) were etched on glass substrates by a wet-etching technique, as previously reported, 28 in order to supply a longer cell-fluid contact time and a larger contact area than a single straight channel. Briefly, the positive photoresist material was spin-coated onto the Au/Cr-coated glass substrates, and UV light was irradiated through a photomask to transfer the channel pattern onto the photoresist material. The UV-exposed photoresist material was developed and the metal layers were etched through the pattern. The microchannels were etched into the patterned substrates by immersion in an HF solution, and the remaining photoresist material and metal layers were completely removed. A polycarbonate porous membrane (Whatman; pore size, 3 μm; thickness, 9 μm; porosity, 56.5%) was chosen as the cell culture substrate because of the optical transparency and bio-compatibility. The pore size and thickness were selected from the commercially available membrane parameters to compromise the permeability and thickness. The membrane was located between two microchips, which were sealed by two metal clamps.
Determination of ECM coating
In order to promote the proliferation, attachment ratio and monolayer formation of RPTECs on the membrane, five kinds of ECMs were tested after coating on the cell culture surface off-chip including a control sample (bare membrane). Matrigel (Becton-Dickinson), gelatin (Nitta Gelatin Inc.), collagen-I, poly-L-lysine, and laminin (Sigma) were diluted by a serum-free culture medium at 100 μg/ml, and coated on the surface of transwells (same parameters with membrane) and coverslips, which were then incubated at 37 C for 2 h. After incubation, the cell culture surfaces were washed 3 times by a culture medium, and the cells were seeded at a density of 2.0 × 10 4 cells/cm 2 . The cell-proliferation speed was obtained by cell number counting every day to make a growth curve for 10 days. Cells were trypsinized, resuspended in a medium and counted by a cell counting chamber (Onecell, Japan). For each ECM and time point, triplicates from three different transwells were counted. For the attachment ratio calculation, cells were seeded at a same density (2.0 × 10 4 cells/cm 2 ) for each ECM coated transwell. After 4 h of culturing, cells were washed by medium for 2 min, and those remaining on the transwell were trypsinized, resuspended in the medium and counted by a cell counting chamber. The attachment ratio of cells on different ECMs was calculated by dividing the cell number both after and before washing. Since the cells on a 3-μm pored membrane (compared to coverslip) were difficult to clearly observe by phase contrast microscopy, the cell number was calculated after nuclei staining of cells on the membrane. Cell images were photographed by a fluorescence microscopy (Olympus IX71) equipped with a CCD camera (Hamamatsu, Japan) from 20 random sites of the transwell. The cell number was calculated by ImageJ 1.40g (National Institutes of Health, NIH) for each image to obtain an average value; quadruplications from four different transwells were calculated. In parallel, cell monolayer on different ECMs coated coverslips was observed by a phase-contrast microscopy (Olympus IX71). Images of 20 random sites from each ECM coated coverslip were taken and one typical image was selected for each ECM.
Hydrophobic surface modification of the chip and the membrane
In order to prevent leakage from the microchannel to the chip-membrane-chip gap, a hydrophobic surface modification was made both to the microchip and to the membrane. The principle of this method is to apply Laplace pressure directing from the gas phase to the liquid phase so as to prevent the liquid leaking into the gaps (Fig. 1b) . To change the hydrophilicity of the chip and the membrane surface, octadecyltrichlorosilane (ODTCS) was dissolved in toluene and heptane; then, glass microchips and the membrane were rinsed in an ODTCS-toluene/ODTCS-heptane solution for 1 h, and washed by toluene/heptane, respectively. After modification, the static contact angle was measured by a contact angle meter (DropMaster500; Kyowa Interface Science, Japan) at 25 C.
Test of leakage prevention for a chip-membrane structure
To test the effect of leakage prevention, 1 × 10 -3 M sodium fluorescein was injected into the microchannel and observed by fluorescence microscopy. The chips and membrane underwent alignment under microscopy, and then sealed by a metal clamp (Fig. 1c) . The inlet was connected to a syringe pump (KD Scientific), and the outlet was connected to a waste reservoir (Fig. 1b) . Fluorescent images of microchannels were obtained by fluorescence microscopy equipped with a CCD camera.
Cell culture on chip and immunocytochemistry
The procedures of cell culture on the chip can be described as follows: (1) microchips were cleaned by piranha (H2SO4:H2O2 = 3:1) for 15 min; (2) the chips and membrane were sterilized in an autoclave under 121 C and dried; (3) the chips and membrane were hydrophobic modified and sealed by a metal clamp; (4) the microchannel was cleaned by deionized water at 0.6 μl/min for 1 h; (5) the membrane surface in the microchannel was modified by 0.1% matrigel at 0.2 μl/min for 2 h; (6) a cell suspension was introduced into the microchannel at 5.0 × 10 6 cells/ml and placed in a 37 C, 5% CO2 incubator for 2 h; (7) the cell culture medium was injected at 0.5 μl/min (0.7 and 0.9 μl/min at day 3 and day 6), all the liquid injection was carried out by a syringe pump in the withdraw mode.
After 10 days of culturing, the cells were nuclei stained by DAPI (Roche, Germany). Cool PBS was introduced into the microchannel to wash the cells at 0.5 μl/min for 30 min. A DAPI solution (1 μg/ml diluted in methanol) was introduced at 0.2 μl/min in a 37 C, 5% CO2 incubator for 30 min. Then, the cells in the microchannel were washed by methanol at 0.5 μl/min for 15 min and PBS was finally introduced. For nuclei observations, the excitation and emission wavelengths were 358 and 461 nm, respectively (using a DAPI filter set). Fluorescent images were recorded by a CCD camera.
Results and Discussion
Results of ECM coating on the coverslip and the membrane
For a cell-based separation microdevice, it is very important for the cells to rapidly proliferate on the membrane to reach a monolayer, and to endure a high shear stress under the fluidic condition. Therefore, in order to determine which ECM is best suitable for RPTECs attachment and proliferation, we measured the cell-attachment ratio and growth curve in a 10-day culture period.
The cell attachment ratio and growth curve for each ECM are plotted in Figs. 2 and 3 . After 4 h of culturing, a medium was introduced to flush away any unattached cells. From the results, matrigel was found to give the highest cell-attachment ratio (90%) among the 6 conditions. Cells on matrigel, gelatin and collagen-I reached confluent (supplemented by cell monolayer images afterwards) after 6 days, while matrigel gave the fastest proliferation speed. A comparison of cell monolayer formation is shown in Fig. 4 . Cells on matrigel, gelation and collagen-I formed a uniform monolayer; neither laminin nor poly-L-lysine was chosen, since they gave an overgrowth and a collapsed layer, respectively. Thus, also regarding the cell attachment ratio and proliferation, matrigel was determined to be the coating material for the cell culture on the chip. Among the five ECMs, matrigel showed the best performance because it concludes several ECM compounds (such as laminin, collagen-IV and entactin) and cell-growth factors (such as EGF and TGF-β) to promote both cell attachment and proliferation. It was proved that matrigel is appropriate for most epithelial cells also including RPTECs.
Evaluation of hydrophobic modification for leakage prevention
The contact angles before/after surface modification of the glass chip and the membrane were 31.3 ± 2.3 /103.5 ± 0.6 and 73.5 ± 1.3 /127.4 ± 6.6 , respectively. Sodium fluorescein was injected at 5 μl/min for 1 h. An image of the bare microchannel (coupled with membrane) under a bright field was recorded and compared to that of the sodium fluorescein injected microchannel (Fig. 5) . No leakage was observed at the interface of liquid and gas. The pressure drop from the inlet to the outlet of the microchannel was estimated by:
where ∆P is the pressure drop, μ is the viscosity of the medium, Q is the volume flow rate; W, D and L are the width, depth and length of microchannel, respectively. Here, μ was approximated as the viscosity of water at 37 C (6.9 × 10 -4 Pa s -1 ). The dimensions of the microchannels were W = 200 μm, D = 40 μm and L = 355 mm. When the flow rate was set as 5 μl/min, which is much higher than most cell culture flow rates, the pressure drop was calculated to be over 20 kPa. This value is lower than the previously reported 35 kPa leakage pressure by the same ODTCS modification method 18 in a separable microchip without a membrane, but can satisfy most of the hemofiltration 29 in the short-term.
Cell-attachment confirmation and monolayer estimation in a microchip
After 10 days of cell culturing on a matrigel-coated membrane inside the microchannel, nuclei-staining was made to the cells. Fluorescent images of cell nuclei staining are shown in Fig. 6 . The cell viability and attachment were confirmed, since only living cells emit fluorescence, and a very small fraction (less than 1%) of cells were observed from the aspirate after perfusion of a medium at 5 μl/min for 30 min. Besides, a cell monolayer is an important factor for the bioartificial renal tubule because the monolayer on the membrane prevents the wastes (small molecules such as urea) from being transported across the pores of the membrane. Therefore, in order to estimate the covering area of the cells on the membrane inside the microchannel, first a cell monolayer was imaged under a phase-contrast microscope and the average single cell covering area was calculated by dividing the image area and the cell number. After that, by multiplying the average single cell covering area and the cell number in the DAPI staining image, over 95% of the membrane area was estimated to be covered by the cells. Therefore, a monolayer formation of RPTECs on a matrigel coated membrane was confirmed. 
Conclusions
In this report, basic construction of a cell-based separation microdevice and successful RPTECs culture on chip have been explained.
Firstly, the ECM coating condition for cell attachment, proliferation and monolayer formation was optimized from 5 different kinds of ECMs. Matrigel was chosen to be the coating material because of the highest attachment ratio, fastest proliferation speed and uniform monolayer of cells. Secondly, leakage prevention under several tens of kPa was realized by hydrophobic surface modification both to the glass substrates and the membrane. A basic chip-membrane coupled structure was established not only for RPTECs, but also for other kinds of cells that have separating functions. Finally, RPTECs were first successfully cultured on a membrane inside the microchannel by a perfusion method. Cell attachment and monolayer formation were confirmed by DAPI nuclei staining.
In the future, the demonstration of molecular transport and nutrients/wastes separation by RPTECs will be carried out on a microchip. This separation microdevice could be applied as a miniaturized RAD 30 in renal disease therapy combined with a conventional portable hemodialysis device, 31 and also an in vitro research platform for renal tubule cell biology.
